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Thiolated 2-methacryloyloxyethyl phosphorylcholine
for an antifouling biosensor platform†

Tatsuro Goda,*a Miyuki Tabata,a Mai Sanjoh,a Mai Uchimura,b Yasuhiko Iwasaki*b

and Yuji Miyahara*a

We developed a new building block for a protein- and cell-repellant

self-assembled monolayer (SAM) from 2-methacryloyloxyethyl

phosphorylcholine (MPC) via a simple Michael-type addition to

one mercapto group in alkanedithiol. The thiolated MPC can enable

functionalization of a noble metal electrode to minimize noise

signal in biosensing.

Reducing nonspecific interaction of biomolecules with an
electrode is a key issue for sensitive and specific biosensing
in biological matrices and for medical implants. In addition to
polyethylene glycol (PEG), zwitterionic molecules containing a
phosphobetaine, sulfobetaine, or carboxybetaine group have
shown excellent biocompatibility by resisting undesired protein
adsorption, cell attachment and biofilm formation in biomaterial
applications.1–4 Applying the biologically inert zwitterions to a
terminal group of alkanethiol self-assembled monolayers (SAMs)
results in formation of a robust thin film as an antifouling
platform with a high degree of structural control on a metal
electrode.5–12 Such an antifouling interface allows us to focus on
specific biomolecular recognition and biochemical reaction to an
analyte.13–16 Efforts have been made to synthesize zwitterionic
alkanethiolates including phosphorylcholine (PC) alkanethiolate
but the process is inefficient and time-consuming, requiring several
steps under strictly anhydrous conditions and tedious purification
processes.6–9 Typically, the synthesis of PC alkanethiolate involves
(1) protection of the mercapto group in hydroxyl-alkanethiol,
(2) formation of cyclic phosphoesters at the hydroxyl group,
(3) ring-opening reaction of cyclic phosphoesters by trimethyl-
amine, and (4) deprotection of the mercapto group, with an
overall yield of 63%.6

Here we report the one-step synthesis of phosphobetaine-
type alkanethiolate from 2-methacryloyloxyethyl phosphoryl-
choline (MPC) as a building block for an antifouling SAM.
MPC has been mainly used as a monomer to synthesize
biomimetic polymer architectures by conventional or controlled
radical polymerization techniques17–19 whereas methacrylate also
serves as an electron poor olefin (Michael acceptor). Thus, Michael-
type addition efficiently occurs in between methacrylate and thiol
groups under mild conditions.20 We applied this thiol–ene reaction
to functionalize one mercapto group in 1,6-hexanedithiol with
MPC. The remaining mercapto group in MPC-SH can chemisorb
to form a SAM on a gold surface (Fig. 1 and Fig. S1, ESI†). By
optimizing the conditions, we successfully synthesized a thiolated
MPC (MPC-SH).

ESI-TOF-MS analysis revealed that 88 mol% of the products
were MPC-SH (m/z = 446.16) and its disulfide dimer (m/z =
891.32) (Fig. S2, ESI†). We obtained a small amount of the side
product, 1,6-hexanedithiol with MPC at both ends (m/z =
741.27). But, this compound is not reactive to gold due to the
absence of the thiol group. Only MPC-SH and its dimer formed a
tightly packed SAM with a surface density of 3.7� 0.7 chains nm�2

(Fig. S3, ESI†). This value is slightly lower than that of conven-
tional alkanethiol SAMs21 because of the geometric constraint
by the bulky PC headgroup. Self-assembling aligns MPC-SH
molecules similarly to the phospholipid monolayer, orienting
the zwitterionic PC moiety to the water phase. Formation of
MPC-SH SAM tolerated the surface impedance that does not
passivate the underlying electrode in electrochemical sensing
(Fig. S4 and S5, Table S1, ESI†).

To confirm antifouling properties of the SAM, we measured
the amount of nonspecific adsorption of protein using a
quartz crystal microbalance (QCM) and semiconductor-based
potentiometric sensors in a real-time and label-free manner.
The potentiometric sensor gives us changes in the interface
potential (DV) caused by adsorption of innately charged protein
within an electrical double layer capacitor (C, Table S1,
ESI†).22,23 The adsorbed mass of protein (G) was calculated
from the QCM results using Saueabrey’s equation.24 The adsorbed
amounts of bovine serum albumin (BSA), bovine fibrinogen,
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and fetal bovine serum (FBS) components were significantly
reduced on the surface of the MPC-SH SAM (Fig. 2). Trends
were similar in the charge sensing of proteins by the potentio-
metry (DQ = CDV). The reduced electric signals are attributed to
the lowered amount of bound proteins on the tethered gold
electrode. The directions of DQ were dependent on local
positive or negative net-charges of the adsorbed proteins within
the electrical double layer in the buffer solution (1� Dulbecco’s
PBS, pH 7.4). The net-charges of proteins located outside of the
double layer cannot be detected because of the charge-screening
effect by mobile counterions.

Finally, we seeded model cells on micro-patterned gold
electrodes on a glass substrate. The cells attached solely to
the glass substrate, whereas almost no cells adhered to the
electrode coated with the MPC-SH SAM (Fig. 3 and Fig. S6,
ESI†). We consider that the protein repellency prevent cell
adhesion because cells require adsorbed proteins as a scaffold
to attach.

The reason for biologically inert properties of a MPC-SH
SAM is the formation of a strong hydration layer above the
densely packed monolayer that creates a repulsive force to
protein molecules at the interface.9,25 Water molecules are tightly
retained around PC with bulk water-like mobility. Exhibiting
surface charge neutrality of zwitterionic PC also diminishes

electrostatic interaction with proteins. With a sharp contrast
to sulfobetaine, antifouling characteristic by PC is effective
under a wide range of pH and ionic strength. Sulfobetaine
requires a high ionic strength (>200 mM) and mild alkaline
conditions for exhibiting protein repellency.5,26 Compared with
conventional antifouling PEG, the zwitterionic molecules are
less prone to auto-oxidation in most biochemically relevant
solutions.27,28

Reducing nonspecific interaction is in particular essential to
label-free technologies that are advantageous due to their
simplicity over conventional labeling methods. A target species
should be selectively captured because label-free sensors detect any
molecules placed on a sensing area. A mixed SAM, composed
of target-capturing element and backfilling alkanethiol, is
frequently used as a designed functional thin film.13 Applying
MPC-SH as a backfilling agent to reduce nonspecific interaction

Fig. 1 (a) Synthetic route of MPC-SH and its characterization by ESI-TOF-MS.
(b) Schematic representation of antifouling MPC-SH SAM on gold electrode.

Fig. 2 Real-time and label-free quantification of nonspecific protein adsorption
on the MPC-SH SAM-coated (blue) and unmodified (red) gold electrodes using
QCM (a–c) and potentiometric (d–f) biosensors: in 1 mg mL�1 BSA (a and d),
0.3 mg mL�1 fibrinogen (b and e), and 10% FBS (c and f).

Fig. 3 Adhesion of HepG2 cells on micro-patterned gold electrodes with MPC-
SH SAM on a glass substrate; bright field (a) and nuclei-stained (b) images at the
same position. Scale bar: 100 mm.
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would enable a sensitive and specific detection in a realistic
dirty sample.

In conclusion, we present a simple synthesis of MPC-SH as a
new element for preparing antifouling SAMs against proteins
and cells. The biologically inert platform meets the require-
ments for successful biosensing and clinical implants.

This research is supported in part by the JST-CREST, FIRST
program, JSPS Grant-in-Aid for Young Researcher B (23750079),
and Grant-in-Aid on Scientific Research for Innovative Areas
(2306).
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